Abstract Al-Mg alloys, despite their wide freezing temperature range T f , can have good resistance to cracking during solidification. To help understand why, the mushy zone of 5086 Al (~ Al-4.0Mg) was quenched during arc welding and the cooling curve measured to locate the beginning of the original mushy zone (liquidus temperature T L ) and the end (eutectic temperature T E ). Since little eutectic was visible just slightly behind the beginning of the quenched mushy zone, little liquid was here in the original mushy zone, i.e., solidification already ended well above T E . Since no dendrites were visible, either, and since the highest Mg content measured was well below the maximum solubility in solid Al, C SM (17.5 wt% Mg), microsegregation was very mild here in the original mushy zone. These results suggest significant Mg back diffusion occurred during solidification (because of very high C SM ), causing: 1. fraction solid f S to increase much faster with decreasing temperature T, 2. T f to narrow down, and 3. dendritic grains to bond together extensively (f S ≈ 1) to resist intergranular cracking earlier (well above T E ). Since
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Introduction
Cracking of an alloy during solidification is a serious defect. In welding it is called solidification cracking [1] . In casting it is called hot tearing [2, 3] . Al alloys are known to be susceptible to cracking during solidification in welding and casting [1] [2] [3] . It has long been a puzzle why Al-Mg alloys can have good weldability despite their very wide freezing temperature range. Because a liquid alloy freezes over a temperature range, a weak semisolid region, called the mushy zone, exists between the liquid pool and the completely solidified alloy. For most Al alloys the freezing temperature range is T f = T L -T E , where T L is the liquidus temperature and T E the eutectic temperature. An alloy with a wider T f can be expected to have a wider weak mushy zone and hence a higher susceptibility to solidification cracking. Cracking occurs near the end of the mushy zone, where a small amount of liquid still can exist as thin liquid films along grain boundaries to keep grains from bonding together firmly to resist intergranular cracking under tension. Tension is induced when free contraction due to solidification shrinkage and thermal contraction is obstructed, e.g., by rigid workpiece in welding or by rigid mold walls in casting.
The prominent RDG model of Rappaz, Drezet and Gremaud [4] was the first hot tearing model with a physically sound basis. However, the grain boundary, where cracking occurs, was not yet taken into account. Kou [5] developed a model focusing on the grain boundary. Consider two columnar dendritic grains growing side by side in the same axial growth direction. The following three factors can be relevant: 1. lateral separation of the grains from each other under tension to cause cracking, 2. lateral growth 3 of the grains toward each other to bond together to resist cracking, and 3. liquid feeding along the grain boundary in the opposite direction of axial growth to resist cracking.
Consider a volume element  between the two grains near the end of the mushy zone, where cracking occurs. The net volume expansion rate of is that due to lateral grain separation minus that due to lateral grain growth. The net volume flow rate of liquid entering , on the other hand, is the volume flow rate of liquid entering minus that leaving . When the net volume expansion rate of exceeds the net volume flow rate of liquid entering , a void (i.e., crack) can occur in  [5] if crack initiation sites are available, such as folded oxide films, micropores or the external surface of the weld or casting [3, 6, 7] .
Kou [5] showed that near f S = 1 the lateral growth rate of grains toward each other to bond together to resist cracking is proportional to │d(f S ) 1/2 /dT│, where T is temperature and f S fraction of solid. Kou [5] pointed out that │dT/d(f S ) 1/2 │ near (f S ) 1/2 = 1 can be considered as an index for the crack susceptibility for the following three reasons.
First, the higher │dT/d(f S ) 1/2 │ is, the slower the two neighboring columnar grains can grow toward each other to bridge together and resist cracking. Second, with slow lateral growth the columnar grains can grow very long without bridging. This means the intergranular liquid channel can be very long and hence difficult for liquid to flow through it (due to viscosity of liquid [8] ) to feed shrinkage and resist cracking. Third, a long intergranular liquid channel can act as a long sharp notch to promote crack initiation. Thus, │dT/d(f S ) 1 [5] . Thus, the maximum │dT/d(f S ) 1/2 │ can also be used as the crack susceptibility index [9] .
The validity of using the maximum │dT/d(f S ) 1/2 │ as the index for the crack susceptibility was verified [9] . The curves of T vs. (f S ) 1/2 can be calculated based on the composition of an alloy or a weld using Pandat [10] , PanAluminum [11] and the Scheil solidification model (no diffusion), which is also called the Gulliver-Scheil solidification model [12, 13] . First, a filler metal that reduced the maximum │dT/d(f S ) 1 1/2 │, that is, the crack susceptibility index, is reduced by back diffusion. The higher the diffusion parameter ' is, the greater the reduction [17] . The crack susceptibility curve for a binary alloy system is a curve of the crack susceptibility vs. the solute content. The curve is -shaped, that is, with a peak at an intermediate solute content [1] . When the maximum │dT/d(f S ) 1/2 │ is plotted against the solute content of a binary Al alloy, a -shaped crack-susceptibility curve was obtained, consistent with the -shaped curves observed in crack-susceptibility tests of binary Al alloys. The peak of the crack-susceptibility curve shows the solute content most susceptible to cracking and the level of the crack susceptibility. With the back diffusion parameter ' raised from 0 (no diffusion) to 0.025, 0.050 and 0.075, for instance, the peak of the crack-susceptibility curve decreased in magnitude and shifted to a higher solute content. The decrease was much greater with Al-Mg alloys than Al-Cu alloys.
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The objectives of the present study were to: 1. develop an experimental procedure to quench the mushy zone during welding, and 2. use the quenched-in microstructure and microsegregation of the mushy zone to explain why Al-Mg alloys, despite their much wider freezing temperature range T f , can be less susceptible to solidification cracking than Al-Cu alloys. Bead-on-plate welding was conducted without a filler metal using gas-tungsten arc welding (GTAW), which is also called tungsten-inert gas (TIG) welding. The workpiece was welded along its centerline, starting from about 10 mm away from its leading edge and proceeding inward. The welding conditions were as follows: direct current electrode negative (DCEN), 4.25 mm/s torch travel speed, 13 V welding voltage, and pure Ar gas
Experimental Procedure
Welding
shielding. The welding current was 100 A for 2014 Al and 80 A for 5086 Al. Since 5086 7
Al (1.6 mm thick) was thinner than 2014 Al (2 mm thick), the welding current was reduced from 100 A to 80 A in order to keep the weld width close to that of 2014 Al.
In GTAW, weld penetration is deeper with the DCEN polarity [1] , which is desirable in thick-plate welding. Although the present study involved thin-sheet welding, DCEN was still selected because a deeper-penetrating heat source is known to promote 2-diemnsional heat flow in the workpiece [1] . Although He is often used in GTAW-DCEN of Al plates, the higher arc power (associated with the higher ionization energy of He than Ar) can be excessive for welding thin Al sheets. Thus, Ar was used as the shielding gas.
Quenching
The mushy zone was quenched with molten Woods metal during welding. Kou and
Le [18] first quenched Al alloys during gas-tungsten arc welding by pouring ice water onto the weld pool and its surrounding area. The microstructure around the weld pool during welding was quenched-in, including the partially melted grains around the weld pool, dendrites in the mushy zone behind the weld pool, and heterogeneous nuclei in the weld pool. Grain refining mechanisms in welds, such as grain detachment, dendrite fragmentation and heterogeneous nucleation, were established based on the quenched microstructure [18] [19] [20] . Kou 
Temperature Measurements
Temperature measurements were conducted during welding using a K-type ungrounded thermocouple with a stainless steel sheath of 0.5 mm outer diameter. It was mounted on a mechanical device to suddenly push it to a predetermined lower position.
The thermocouple was positioned at 5 mm above the workpiece before plunging. The temperature data was recorded at 20 Hz using a computer-based data acquisition system together with the software Labview. constructed based on results from quenching Al welds with ice water during welding [16] . Since thermal undercooling is usually small in arc welding, the pool boundary can be taken as an isotherm at the liquidus temperature T L of the alloy. The beginning of the mushy zone (i.e., the trailing portion of the weld pool boundary) is at T L and the end is at the eutectic temperature T E of the alloy. Shortly after the liquid around the thermocouple solidified completely, molten Woods metal was poured onto the weld pool to quench the mushy zone behind it, as illustrated in Fig. 1c . Initially, welding was conducted from above the workpiece, but the torch stood in the way of the thermocouple and Woods metal. Thus, it was subsequently decided to weld from below.
The pouring action caused the arc to extinguish by itself. The carriage carrying the torch was then stopped and the power source turned off. Sometimes, the arc reinitiated itself just before the power source was turned off. For comparison, welding was also conducted under identical welding conditions without quenching.
Microstructure and Microsegregation
After welding, the welds were cut, polished and etched with Keller's solution for 5 seconds to reveal the microstructure of the quenched mushy zone. Both optical microscopy and scanning electron microscopy (SEM) were used.
To determine the microsegregation in the quenched mushy zone, a Cameca SXFiveFE model electron probe micro analyzer (EPMA) was used, which is a state-ofthe-art field emission machine for quantitative analysis and X-ray mapping at high spatial resolution. Up to five Wavelength Dispersive Spectrometers (WDS) could be fit into the microprobe for high precision quantitative analysis. The beam diameter used was 80 -100 nm, the voltage and current being 18 kV and 32 nA, respectively. The volume below the sample surface affected by the beam was 2 m in diameter. EPMA was done using
the Ka x-ray lines of Mg, Si, Mn, Fe, Al, Cu and Cr. Crystals used were: LTAP for Mg 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 [23, 24] . 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Quenching took place at time 4 s. The material surrounding the thermocouple already completely solidified before quenching, and it cooled down rapidly upon quenching. The mushy zone, which was warmer than the solidified material at the thermocouple, can be expected to cool down even faster during quenching to help preserve its microstructure. The warmer the material is before quenching, the higher the cooling rate during quenching becomes because the heat extraction rate is proportional to the temperature difference between the material and the coolant, that is, liquid Woods metal [8] . left a hole in the fusion zone after it was removed after welding. As shown, most of the liquid in the weld pool was pushed out by molten Woods metal during quenching. Some residual Woods metal remained near the pool boundary. The width of the weld is uniform, which indicates that, before quenching, welding already reached the steady-state or "quasi-stationary" condition [1] . In other words, the weld pool and the mushy zone no longer changed in shape or size during welding. Furthermore, the weld width at the top surface is essentially identical to that at the bottom surface, which indicates heat flow during welding was 2-dimensional. In other words, the same temperature distribution existed throughout the entire thickness of the workpiece and that the cooling curve was identical throughout the weld thickness.
Results and discussion
Quenching
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Solidification cracking is visible on both the top and bottom surfaces of the weld.
When quenched with Woods metal, the mushy zone and its surrounding area in the workpiece suddenly shrank under solidification shrinkage and thermal contraction.
However, free shrinking was not allowed because, as in common welding practice, the workpiece was clamped down tightly onto a rigid fixture. During quenching, cooling was instantaneous, so was the tensile strain induced in the mushy zone. Thus, along the centerline of the mushy zone, columnar grains growing in the welding direction were subjected to an instantaneous tensile strain in the lateral direction. According to the proposed criterion for solidification cracking shown in Eq. (1) However, as will be explained subsequently, the microstructure of the quenched 5086 Al mushy zone showed solidification ended at 2.30 mm behind the quenched weld pool.
13 Fig. 3b and c show the appearance of the quenched 5086 Al weld. The weld was unintentionally cut before photographing. So, an identical weld made with quenching but without thermal measurement is shown in Fig. 3b and c and that is why no thermocouple hole is visible in Fig. 3b . More importantly, solidification cracking did not occur in 5086
Al during quenching. This is consistent with the lower crack susceptibility of Al-Mg alloys observed by Cross et al. [14] and Rosenberg et al. [15] . shows the microstructure at the beginning of the quenched mushy zone. The quenched pool boundary is indicated by the broken white line, behind (i.e., to the right of) which is the quenched mushy zone. In the quenched mushy zone the light-etching phase is the Alrich dendrites and the dark-etching phase in the interdendritic area is the solid Cu-rich eutectic. During solidification the interdendritic liquid formed the Al-rich phase first and finally the Cu-rich eutectic upon further cooling to the eutectic temperature. So, the presence of eutectic at a location in the quenched mushy zone indicates the presence of liquid at the same location in the original mushy zone. The dendritic structure of the mushy zone is very fine at the quenched pool boundary because of the high cooling rate during quenching [2] . Fig. 4b shows the microstructure at the end of the quenched mushy zone, which is located at 5.78 mm behind the quenched pool boundary. The dendritic structure is coarser here than in Fig. 4a because a dendritic structure becomes coarser with increasing solidification time t f , during which dendrite coarsening can occur [2] .
Microstructure
Since the eutectic is essentially continuous everywhere here, continuous liquid films existed along grain boundaries at the end of the original mushy zone during welding.
14 Liquid films along grain boundaries weaken bonding between grains, allowing intergranular cracking to occur under the tension induced by solidification shrinkage and thermal contraction. The arc was turned off at the end of welding, and the last weld pool solidified without traveling, which is often called the weld crater. As shown, the fusion zone microstructure is somewhat finer at the crater boundary (Fig. 5a ) than at 5.78 mm behind it (Fig. 5b) . This is because the cooling rate was higher at the crater boundary than at 5.78 mm behind it. The weld pool cooled down immediately when the arc was turned off at the end of welding. However, the cooling rate was still much lower than that caused by quenching.
Consequently, the dendritic structure at the crater boundary is much coarser than that at the quenched pool boundary (Fig. 4a) . Also, as can be seen by comparing Fig. 5b with This suggests that less eutectic is present because of Cu diffusion (from the solid eutectic to the surrounding Al-rich matrix) still occurred after solidification was over. Since diffusion is faster at the higher temperatures during solidification, Cu back diffusion from the interdendritic liquid into the Al-rich dendrites should be significant. Fig. 6 shows the microstructure of the quenched mushy zone of 5086 Al. Fig. 6a shows the microstructure at the beginning of the quenched 5086 Al mushy zone. The broken white line again indicates the quenched pool boundary and the dark area on the left represents the weld pool liquid pushed out by liquid Woods metal during quenching.
Again, the dendritic structure of the mushy zone is very fine because of the high cooling rate during quenching. More importantly, the quenched dendritic structure does not show 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 a clear contrast between the light-etching Al-rich dendrites and the dark-etching interdendritic eutectic, nothing like the quenched dendritic structure of 2014 Al (Fig. 4a) . This is because less liquid was here and thus less eutectic formed from the liquid upon quenching. This suggests Mg back diffused from the interdendritic liquid into the Al-rich dendrites during solidification. Back diffusion causes the Mg content of the interdendritic liquid to drop. To maintain the liquid Mg content dictated by the phase diagram, f S needs to increase sharply to reject more Mg into the interdendritic liquid (because k < 1). Thus, Mg back diffusion causes f S to increase much faster with decreasing T. Fig. 6b shows the microstructure at 2.3 mm behind the beginning of the quenched 5086 Al mushy zone. As can be expected, at the time of quenching more Mg back diffusion had occurred here than at the beginning of the quenched mushy zone (Fig. 6a) .
Unlike the microstructure at the end of the quenched 2014 Al mushy zone (Fig. 4b) , no continuous eutectic can be seen. It is unlikely that continuous eutectic exists in 3-dimension but appears as isolated eutectic particles in the planar view. This is because, as mentioned previously, heat flow was two-dimensional. So, solidification should also be 2-dimensional (in the plane of the 5086 Al sheet) and any continuous eutectic should thus appear continuous in the planar view. The dark-etching particles in Fig. 6b are not eutectic particles that formed from solidification of isolated islands of liquid, either. As will be shown subsequently, these particles were identified by EPMA as intermetallics rich in Fe and Mn instead of Mg-rich eutectic Al 3 Mg 2 . Therefore, when quenching took place, little liquid was here in the original mushy zone during welding, i.e., solidification already ended (fS ≈ 1) and dendritic grains already bonded together completely (fS ≈ 1)
here in the original mushy zone. Unlike the microstructure at the end of the quenched 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   16 2014 Al mushy zone (Fig. 4b) , no continuous eutectic can be seen. This is because when quenching took place, little liquid was here in the original mushy zone during welding, i.e., solidification already ended (fS ≈ 1) and dendritic grains already bonded together completely (fS ≈ 1) here in the original mushy zone. Since no dendrites can be seen, either, microsegregation was mild. Again, the results suggest significant Mg back diffusion occurred during solidification. According to the cooling curve (Fig. 3) The microstructure is very different from that in the fusion zone of 2014 Al without quenching (Fig. 5) . No dendrites or continuous eutectic can be seen either at the beginning of the mushy zone or at 2.3 mm behind it. Thus, the microstructure in Fig. 7 again suggests significant Mg back diffusion has occurred. The microstructure is consistent with that reported by Cross et al. [14] , who showed hardly any eutectic in the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 fusion zone of binary Al-4.0Mg alloy (no quenching). Since this microstructure in Fig. 7 is similar to that in Fig. 6b , the absence of continuous eutectic and dendritic structure at 2.3 mm behind the quenched mushy zone (Fig. 6b) was not caused by suppression of eutectic formation from the liquid due to quenching. Al. Fig. 8a shows the microstructure near the end of the quenched 2014 Al mushy zone, which is similar to the optical micrograph shown in Fig. 4b . However, the light-contrast phase here is now the Cu-rich eutectic and the dark-contrast phase the Al-rich dendrites.
To minimize the effect of the surrounding matrix on the EPMA of the light-contrast phase, EPMA was conducted at selected locations where the light-contrast phase is much thicker than average. High Cu contents were observed, e.g., Al-31.24Cu-3.37Si-2.50Mg-0.25Mn-0.12Fe and Al-33.97Cu-3.12Si-2.87Mg-0.10Mn-0.07Fe in wt%. This confirmed the light-contrast phase is the Cu-rich eutectic (close to Al-33.2Cu and containing other elements). Fig. 8b shows the microstructure of the quenched 5086 Al mushy zone at 2.3 mm behind the beginning of the mushy zone. The light-contrast phase in the form of islands correspond to the dark-etching particles shown previously in the optical micrograph in Fig. 6b . EPMA indicated the small isolated islands such as those in Fig. 8b are intermetallic compounds rich in Fe and Mn, e.g., Al-14.74Fe-3.79Mg-1.41Mn (in wt%), that form at significantly high temperatures during solidification. Because of the small size of the islands, in EPMA the volume affected by the electron beam (about 2 m diameter) also included the Al-rich matrix and the Mg in it, which contributed to the 3.79 wt% Mg measured in the small isolated islands. Thus, the small isolated islands are not wt% Cu), including those close to C E (not shown). These 71 data were disregarded because they do not represent the Cu contents in the Al-rich phase, which is up to only C SM [21] . They were caused by the fact that the volume of the electron probe (2 m in diameter below the sample surface) included both the Al-rich phase and the eutectic. The remaining 370 measured Cu contents were used as the raw data for the Al-rich phase. 
Crack susceptibility index
As shown in Fig. 2a for 2014 Al, the length of the quenched mushy zone is 5.78 mm │, i.e., the crack susceptibility of these alloys, can be reduced significantly. │ is affected not by ' alone but by k' as can be seen in Eq. (1).
As mentioned previously, the partition coefficient of Al-Mg (k = 0.482 at T E ) is much higher than that of Al-Cu (k = 0.170 at T E ). This much higher k at T E is associated with 24 the much higher C SM of Mg (17.5 wt% Mg) than that of Cu (5.65 wt% Cu). Thus, at the same value of ', the drop in the peak crack susceptibility is much more significant for Al-Mg alloys than for Al-Cu alloys.
The effect of back diffusion on the crack susceptibility of 2014 Al can be seen in 
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Thus, the index for the susceptibility to solidification cracking [5, 9] and effect of back diffusion on the crack susceptibility [17, 27, 29] proposed recently are both consistent with the microstructure and microsegregation in the quenched mushy zone in the present study.
Conclusions
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